Introduction
Messenger RNA (mRNA) mediates the transfer of genetic information from the cell nucleus to ribosomes in the cytoplasm, where it serves as a template for protein synthesis.
Once mRNAs enter the cytoplasm, they are translated, stored for later translation, or degraded. mRNAs that are initially translated may later be temporarily translationally repressed. All mRNAs are ultimately degraded at a defined rate. How are these decisions made? Throughout their lifetime, mRNAs associate with a host of proteins factors, some of which are stably bound while others subject to dynamic exchange (Moore, 2005) . Individual mRNA-protein complex (mRNP) components may serve as adaptors that allow mRNAs to interface with the machinery mediating their subcellular localization, translation, and decay. Thus, mRNP remodeling is likely to play a critical role in forming decision as to whether to translate or to degrade an mRNA.
In this review, we use two regulatory mechanisms that control mRNA translation and decay as examples to illustrate how a decision may be reached to translate or to degrade a cytoplasmic mRNA. One is nonsense-mediated mRNA decay (NMD), an RNA surveillance mechanism that rapidly degrades mRNAs harboring premature termination codons (PTCs). The other is microRNA (miRNA)-mediated silencing of gene expression, which involves the base pairing of miRNAs with the 3 0 untranslated regions (UTRs) of their target mRNAs. Remodeling events are likely to be crucial for both miRNA-mediated silencing and NMD (Schell et al, 2002; Dreyfuss et al, 2003; Maquat, 2004; Amrani et al, 2006; Chang et al, 2007; Jackson and Standart, 2007; Nilsen, 2007; Pillai et al, 2007) . We discuss two distinct models for how NMD distinguishes between normal and aberrant PTC-bearing mRNAs, and suggest ways that they can be reconciled via a 'unified' model. We describe what is known about how miRNAs target mRNAs for rapid decay and translation repression, and highlight recent studies that have begun to pinpoint how miRNAs inhibit translation initiation. In our discussion of the underlying mechanisms for NMD and miRNA-mediated silencing, we consider the role of RNA-processing bodies (P-bodies), the recently identified cytoplasmic foci that harbor translationally silenced mRNPs and may be the burial grounds for at least some mRNAs (Parker and Sheth, 2007; Eulalio et al, 2007a) . We also discuss the role of deadenylation in NMD and miRNA-mediated events, as loss of the poly(A) tail leads to loss of poly(A)-binding protein (PABP), which in turn is known to have profound consequences on both translation and mRNA decay (Jacobson, 1996; Mangus et al, 2003) .
NMD: a conserved eukaryotic quality control mechanism
NMD is a conserved pathway found in Saccharomyces cerevisiae (yeast; Losson and Lacroute, 1979) , Drosophila melanogaster (Brogna, 1999) , Caenorhabditis elegans (Hodgkin et al, 1989) , mammals (Maquat et al, 1981) , and plants (van Hoof and Green, 1996) . Most normal eukaryotic cellular mRNAs are not subject to NMD because they only contain a stop codon at the end of the coding region. In contrast, mutant mRNAs that have an in-frame stop codon upstream of the normal stop codon, are recognized by the NMD machinery, leading to mRNA destabilization. Many human inherited diseases are caused by mutations that trigger NMD (Frischmeyer and Dietz, 1999) . Some disease alleles contain a mutation that directly changes a sense codon to a stop codon, and others introduce an inframe stop codon by more indirect ways such as insertions, deletions, and mutations that disrupt RNA splicing, all of which can result in a shift of the reading frame. It has been estimated that 30% of human disease alleles cause NMD, and in many of these cases, NMD contributes to the disease phenotype (Frischmeyer and Dietz, 1999; Holbrook et al, 2004) .
The core factors universally required for NMD (i.e., Upf1p, Upf2p and Upf3p) were originally identified in a genetic screen in yeast (Culbertson et al, 1980) . Homologs of these proteins were subsequently identified and shown to function in NMD in humans , D. melanogaster (Gatfield et al, 2003) , C. elegans (Page et al, 1999; Aronoff et al, 2001) , and Arabidopsis thaliana (Hori and Watanabe, 2005; Arciga-Reyes et al, 2006) . Additional genes are also required for NMD in higher eukaryotes (see below). Despite a large body of work on these three Upf proteins, their mechanism of action in NMD is only beginning to be understood. The only Upf protein with a clearly defined biochemical function is Upf1, which is an ATP-binding protein with RNA helicase activity. Upf1 can catalyze the unwinding of double-stranded RNA (dsRNA), but its substrates have not been identified (Czaplinski et al, 1995; Bhattacharya et al, 2000) . It is possible that Upf1 may catalyze some other reactions, such as acting like a motor protein that moves along an RNA or remodeling mRNP for translation termination and/or subsequent mRNA degradation (see below).
Many models for NMD have been proposed, but they essentially fall into two broad categories. The first group of models we will refer to collectively as the 'downstream marker model'. This model posits a central role for 'marker' proteins that are deposited on the mRNA downstream of the PTC and upstream of a normal termination codon (Figure 1) . In a normal mRNA, the translating ribosome and/or associated factors displace these marker proteins so that they cannot trigger NMD ( Figure 1A) . However, in a PTC-containing mRNA, the marker proteins would still be bound when the translational apparatus recognizes the PTC. Interaction of these marker proteins with translation termination factors recruited to the PTC leads to rapid mRNA degradation ( Figure 1A ). The second group of models will be referred to herein as the 'aberrant termination model' ( Figure 1B ). In this model, normal termination induces an mRNP rearrangement, which leads to mRNA stability, whereas aberrant termination induced by a PTC fails to cause this mRNP remodeling or triggers aberrant mRNP remodeling. In the following sections, we will discuss these two groups of models, as well as some important features that we believe could unify them.
The downstream marker model for NMD
One of the best-characterized NMD substrates is yeast PTC-bearing PGK1 mRNA. This mRNA is unstable but can be stabilized by deleting most of the sequence downstream of the PTC. Reinsertion of a small 3 0 region of PGK1 mRNA, called the downstream sequence element (DSE), into the deletion mutant restores mRNA instability (Peltz et al, 1993) . Further analysis showed that the heterogeneous nuclear RNP protein, Hrp1p, which is able to bind to the DSE in vitro, is required for NMD of PGK1 mRNA (Gonzalez et al, 2000) . Thus, Hrp1p is considered as a downstream marker for NMD. However, it is not known whether DSEs and Hrp1p are required for the rapid decay of all PTC-bearing transcripts in yeast.
In mammalian cells, a large exon junction protein complex (EJC) deposited about 20-24 nucleotide (nt) upstream of exon-exon junctions during RNA splicing, is widely considered to be a mark that triggers NMD (Le Hir et al, 2000) . Several lines of evidence support this. First, nonsense codons more than 55-nt upstream of the last intron generally trigger NMD, whereas nonsense codons inserted in the last exon do not (Zhang et al, 1998) . Second, depletion of EJC components by RNA interference (RNAi) reduces the efficiency of NMD (Mendell et al, 2002; Palacios et al, 2004; Gehring et al, 2005; Kim et al, 2005; Chan et al, 2007) . Third, the EJC remains associated with the mRNA while it enters the translating pool of mRNAs (Kim et al, 2001; Le Hir et al, 2001) . Lastly, tethering of EJC components downstream of a normal stop codon triggers NMD (Lykke-Andersen et al, 2001; Gehring et al, 2003; Palacios et al, 2004) . This model is also consistent with the observation that the normal stop codon in mammalian mRNAs generally occur in the last exon (Nagy and Maquat, 1998) .
Although ample evidence supports its role in NMD, the EJC is not universally needed for NMD in mammalian cells (Zhang et al, 1998; Rajavel and Neufeld, 2001; Wang et al, 2002; LeBlanc and Beemon, 2004; Buhler et al, 2006) . While in some cases an alternative downstream marker may exist, that does not appear to be so at least in the case of IGm, (Buhler et al, 2006) . Interestingly, although NMD is not conserved in prokaryotes, bacterial genes can undergo NMD when introduced into eukaryotes. For instance, a PTC-containing CAT mRNA can undergo NMD in flies (Gatfield et al, 2003) and a PTC-containing LacZ mRNA can undergo NMD in yeast (Keeling et al, 2004) . Moreover, most EJC components are not conserved in S. cerevisiae. Although EJC components are conserved in D. melanogaster and C. elegans, NMD is splicing-independent in these organisms (Gatfield et al, 2003; Longman et al, 2007) , suggesting that EJC does not play a role in NMD in these organisms. Thus, it appears that NMD can take place without a known downstream marker.
The aberrant termination model for NMD
The aberrant termination model ( Figure 1B ) depends on the notion that there is a difference in the translation termination events that occur in normal mRNAs and PTC-containing mRNAs (Amrani et al, 2006) . According to this model, normal translation termination occurs at a native stop codon because of the close proximity of a normal 3 0 UTR, its In a normal mRNA, the translating ribosomes remove the downstream marker from the coding region of the mRNA, thus preventing normal mRNAs from being targeted to the NMD pathway (left panel). (B) The aberrant termination model posits that termination at a normal stop codon (octagonal stop sign) is different from translation termination at a PTC (aberrant square stop sign). The difference in termination may be due to the proximity of PABP to the normal stop codon (double headed arrow), and/or termination at normal stop codons may be faster than termination at a PTC (clock). These two possibilities are not mutually exclusive. Normal termination at a normal stop codon triggers remodeling into a stable mRNP, whereas aberrant termination at a PTC either prevents this remodeling or triggers remodeling into an aberrant mRNP, which in turn triggers mRNA degradation by a variety of mechanisms. (C) The aberrant termination and downstream marker models can be combined into one coherent model. In this model, the difference between normal termination and aberrant termination can be influenced by a number of different signals. For example, proximity to PABP and other features make termination more normal, whereas downstream markers and other features make termination more aberrant. A preponderance of positive signals causes normal termination, which triggers remodeling into a stable mRNP. A preponderance of negative signals either prevents this remodeling, or triggers remodeling into an aberrant mRNP.
associated factors, and/or poly(A) tail/PABP. This normal termination is proposed to prevent NMD from occurring. NMD substrates do not have a normal 3 0 UTR immediately downstream of the stop codon because translation stops in the coding region. The abnormal 3 0 end does not permit proper remodeling steps required for normal translation termination. The difference between premature and normal translation termination is unclear. It is possible that translation termination is slower at premature stop codons (Hilleren and Parker, 1999) or termination may be biochemically distinct at normal and premature stop codon (Amrani et al, 2004) . This idea is supported by the observations that the frequency of termination (versus translation read through) varies depending on the stop codon identity (UAA, UAG, or UGA) and the nucleotide following the stop codon and other mRNA features (Brown et al, 1990; Bonetti et al, 1995; McCaughan et al, 1995) . Consistently, stop codons with low levels of read through caused NMD in yeast, whereas those with higher levels of read through did not (Keeling et al, 2004) . A connection between the termination reaction and NMD was also revealed using in vitro translation extracts (Amrani et al, 2004) . A toe-printing assay was able to detect a ribosome in the process of terminating at a PTC, but not at several normal stop codons. In addition, ribosomes stalled near PTCs could be detected in extracts made from a wild-type strain, but not from upf1-or upf2-mutant strains. Although these observations suggest that ribosomes associate more tightly with PTCs and/or are released slower from PTCs than from normal stop codons, it is unclear as to how this aberrancy results in NMD and whether it is a conserved feature of NMD.
A central question regarding the aberrant termination model concerns what feature of an mRNA triggers normal or aberrant translation termination. One possibility is that a proper spacing between the stop codon and proteins deposited at 3 0 UTR of mRNAs during 3 0 -end formation (e.g., PABP) is important for translation termination (Hilleren and Parker, 1999) . This notion is supported by the observation that insertion of extra sequence in the 3 0 UTR of an mRNA can trigger NMD (Buhler et al, 2006; Behm-Ansmant et al, 2007) . Interestingly, NMD can occur when the 3 0 UTR mRNPs and polyadenylation were generated independent of the normal cleavage and polyadenylation machinery (Baker and Parker, 2006; Behm-Ansmant et al, 2007) . Several observations indicate that the protein factors associated with a stop codon, its downstream 3 0 UTR, and/or the poly(A) tail also play a critical role in determining a translation termination event. For example, tethering of PABP downstream of a PTC recruits the termination factor and rescues the stability of the mRNA (Amrani et al, 2004; Behm-Ansmant et al, 2007) . Such stabilization was also observed by tethering PABP downstream of a normal stop codon of an otherwise unstable mRNA (Coller et al, 1998) . In addition, when deadenylation in mammalian cells is impaired by knocking down Caf1 poly(A) nuclease or by overexpressing a Caf1 dominantnegative mutant, a PTC-containing mRNA is stabilized, presumably because PABPs remain associated with the unshortened poly(A) tail (N Ezzeddine, D Zheng, C-YA Chen, W Zhu, X He, and A-B Shyu, unpublished observations). Although these findings suggest that PABPs play an inhibitory role to prevent NMD from occurring, proper distinction between a normal stop codon and a PTC can occur in the absence of a poly(A) or PABP. For example, a PTC-containing mRNA harboring the 3 0 end of a transcript that does not undergo polyadenylation (histone mRNA) is a substrate for NMD in mammals (Neu-Yilik et al, 2001) . Similarly, in yeast, NMD can occur on an unadenylated mRNA or in a mutant that lacks PABP (Meaux et al, 2008) . Nevertheless, it is worth noting that these observations are also consistent with the notion that the existence of PABPs prevents NMD from taking place.
While there is considerable support for the aberrant termination model, some observations cannot be explained by this model. For instance, the aberrant termination model does not easily account for the roles of DSEs and EJCs in NMD. Besides, in organisms which have long and heterogeneous 3 0 UTR length, it is more difficult to conceive of an important role of 3 0 UTR length.
Important features that may unify the two models for NMD
Neither the 'downstream marker' model nor the 'aberrant termination' model appear to apply to all cases of NMD. Nevertheless, both of them explain several critical features of NMD, most of which have to do with signals at or downstream of a PTC. Here, we envision a coherent model that integrates elements of each model to explain how PTCs are recognized by NMD ( Figure 1C ). It appears that multiple features (e.g., the nature of the stop codon UAA, UAG, or UGA, the nucleotide immediately following the stop codon, and the sequences, length, and associated proteins of 3 0 UTR) and factors (e.g., DSEs, EJC, PABP) influence the nature of the termination event. These features could work in opposing or dueling fashion (e.g., inhibit or stimulate normal or aberrant termination). It is likely that combination of various features would result in differences in translation termination and/ or decay of mRNAs. Depending on the transcript, cell conditions, and/or experimental setup, some of these features may appear to be more important than others.
From premature termination to degradation
Once an mRNA is recognized as containing a PTC, how does this lead to its decay? One possibility is that a downstream marker may recruit mRNA decay enzymes to the mRNA by directly interacting with these enzymes (He and Jacobson, 1995) . However, to our knowledge, there is no convincing evidence for this possibility. Another possibility for signaling mRNA degradation is that it depends on an mRNP-remodeling step between termination and the actual decay (Hilleren and Parker, 1999; Amrani et al, 2004) . For example, a normal translation termination may result in a general remodeling of the mRNP that stabilizes the mRNA. In contrast, aberrant termination would fail to trigger remodeling or trigger an alternative mRNP-remodeling event, either of which could lead to mRNA degradation. One current challenge is to develop assays for mRNP structure that can test this model. Candidates that may mediate these remodeling events are the helicases and GTPase that have been reported to play important roles in mRNP remodeling (Jankowsky and Bowers, 2006; Small et al, 2006; Bleichert and Baserga, 2007) . For example, it is possible that the helicase activity of Upf1 and/or the GTPase activity of eRF3 have key roles in the remodeling steps (Kashima et al, 2006) . Since eRF3 is a PABP-interacting protein (Uchida et al, 2002) , it is possible that the interaction between the Upf1-eRF1-eRF3 trimer and PABP prevents an aberrant mRNP remodeling.
An intermediate mRNP-remodeling step existing between translation termination and mRNA decay allows for versatility in how an mRNA is ultimately degraded by NMD. Thus, while the core of the NMD pathway appears to be conserved in all eukaryotes, the downstream consequences of PTC recognition appear to be different. In yeast, decapping is a major consequence of PTC recognition (i.e., the removal of the 5 0 -cap structure) (Muhlrad and Parker, 1994) , whereas in flies, PTC recognition leads to endonucleolytic cleavage of the mRNA in the vicinity of the aberrant stop codon . In other species, including mammals, PTC recognition leads to accelerated deadenylation (Cao and Parker, 2003; Chen and Shyu, 2003) . Another feature about the proposed mRNP remodeling step is that the consequence of aberrant or normal termination may not be limited to one specific decay pathway. For instance, PTC recognition in yeast can increase decapping rate (Muhlrad and Parker, 1994) , reduce translation (Muhlrad and Parker, 1999) , or accelerate deadenylation (Cao and Parker, 2003) and subsequent degradation by the exosome (Cao and Parker, 2003; Mitchell and Tollervey, 2003) . We conclude that mRNP remodeling directed by multiple features downstream of the stop codon play an important role in quality control of gene expression. This is a recurring theme in post-transcriptional regulation, including miRNA-mediated mRNA silencing, as described in the next section.
miRNA-mediated downregulation of gene expression
miRNAs are endogenous B22-nt non-coding RNAs that control fundamental cellular processes in animals and plants. In vertebrates, miRNA genes are one of the most abundant classes of regulatory genes (B1% of all the genes) (Lim et al, 2003; Bartel, 2004; Bartel and Chen, 2004; Lim et al, 2005) . After incorporation into the RNA-induced silencing complex (RISC), miRNAs guide the RNAi machinery to their target mRNAs by forming RNA duplexes, resulting in sequencespecific repression of productive translation or mRNA decay (Ambros, 2004; Bartel, 2004; Zamore and Haley, 2005) . Regulation by miRNAs is typically mediated by the formation of imperfect hybrids with 3 0 UTR sequences of target mRNAs. A given miRNA targeted mRNA often has multiple miRNA target sites. Computational methods that have been developed to predict miRNA target genes suggest that 20-30% of protein-coding genes are likely targets of miRNAs (Lewis et al, 2003 (Lewis et al, , 2005 Rajewsky, 2006) .
Initially, miRNAs were thought to down-regulate protein expression solely by inhibiting target mRNA translation (Olsen and Ambros, 1999; Seggerson et al, 2002) . However, recent studies have indicated that many miRNAs can induce rapid decay of target mRNAs (Bagga et 
Mechanisms of miRNA-mediated translational repression
The mechanism of translational repression by miRNAs is still a matter of controversy. Two distinct mechanisms have been proposed to explain how miRNA-mediated translational repression is accomplished without affecting the abundance of target mRNAs. One hypothesizes that miRNAs inhibit translation initiation and the other hypothesizes inhibition of a 'post-initiation' step in translation, which also elicits cotranslational degradation of the nascent peptide. We refer readers to three recent excellent reviews on this controversial issue (Jackson and Standart, 2007; Nilsen, 2007; Pillai et al, 2007) . Here, we focus on several new studies, all of which indicate that miRNAs can inhibit translation initiation.
It was found that the miRNA-RISC complex associated with an anti-translation initiation factor, eIF6, which inhibits joining of the 60S to the 40S subunits, thus preventing translation initiation (Chendrimada et al, 2007) . Depleting eIF6 in either human cells or C. elegans effectively abolishes miRNA-mediated translational repression. In another study (Thermann and Hentze, 2007) , a cell-free system was developed using D. melanogaster embryo extracts, which recapitulated translational repression mediated by the miRNA miR-2 without affecting mRNA stability. The authors found that the translational repression depended on the presence of a physiological cap structure, m 7 GpppG, at the 5 0 of the mRNA substrate, a feature required for cap-dependent translation initiation in eukaryotes (Jacobson, 1996; Gingras et al, 1999) . Intriguingly, miR-2 mRNPs co-sedimented with polyribosomes in a sucrose gradient but they did not possess features of a polyribosome. The miRNPs (heavier than 80S monosome) can still form when polyribosome formation and 60S ribosomal subunit joining are blocked, indicating the mRNAs associated with these miRNPs were not translated. In many past studies, it was assumed that the cosedimentation of miRNA-containing complexes with polysomes meant that these complexes contained ribosomes, but the study by Thermann and Hentze (2007) indicates that miRNA-mRNPs co-sedimented with polysomes are not necessarily being translated.
The observation (Kiriakidou et al, 2007) that Argonaute proteins, the catalytic components of RISC (Rand et al, 2005) , contain a highly conserved motif binding to the m 7 G-cap structure also supports that miRNAs inhibit translation initiation. It is possible that Argonaute proteins compete with eIF4E for cap binding, thereby preventing the formation of eIF4F complex on the 5 0 -cap necessary for cap-dependent translation initiation. This is consistent with the observations that Ago2, but not its variant with mutations in the capbinding motif, blocks translation when artificially tethered to the 3 0 UTR of mRNAs (Pillai et al, 2004) . In the other two studies, let-7 miRNA-mediated translational repression was recapitulated in two different cell-free systems established with extracts prepared from either mouse Krebs-2 ascitic cells (Mathonnet et al, 2007) or human HEK293F cells overexpressing miRNA pathway components (Wakiyama et al, 2007) . In these systems, the poly(A) tail and 5 0 -cap are both required for the translational repression, suggesting that let-7 represses translation by impairing the synergistic enhancement of translation by the 5 0 -cap and 3 0 poly(A) tail. Collectively, these in vivo and in vitro studies support that inhibition of translation initiation by miRNAs represents one way by which miRNA-mediated translational repression is achieved.
miRNA-mediated RNA decay
Although similar in length, miRNAs are generated by a distinct mechanism from that producing small interfering RNA (siRNA). siRNAs are chopped from long dsRNAs by Dicer (Bernstein et al, 2001) . The antisense strand of the siRNA is assembled into RISC, which then degrades RNA molecules with sequences completely complementary to the siRNA by endonucleolytic cleavage (reviewed in Hannon, 2002; Dykxhoorn et al, 2003) . On the other hand, miRNAs are derived from native genes and form imperfect matches with target mRNAs that do not elicit endonucleolytic cleavage of target mRNAs (Ambros, 2004; Bartel, 2004) . Instead, recent evidence indicates that miRNA-mediated decay can be triggered by deadenylation (see below).
A general picture of miRNA-mediated RNA decay emerges from recent studies in D. melanogaster cells (Behm-Ansmant et al, 2006) , zebrafish embryos , and human cells (Wu et al, 2006) , namely, mRNAs targeted by miRNAs for degradation undergo prior deadenylation. In zebrafish, miRNA miR-430 was shown to target several hundred maternal mRNAs for decay by first triggering rapid deadenylation. This massive destruction of maternal mRNAs is required to silence maternal mRNA expression into proteins so that the embryo development of zebrafish can proceed. This example well illustrates how gene silencing by miRNA is accomplished mainly at the level of mRNA decay triggered by deadenylation. In Drosophila cells, deadenylation is mediated by the Ccr4-Caf1-Not poly(A) nuclease complex (Behm-Ansmant et al, 2006) . However, detailed mechanism of miRNA-induced deadenylation and participating poly(A) nucleases and many issues related to miRNA-induced mRNA decay in other organisms remain to be addressed. Given that miRNA-induced deadenylation does not necessarily lead to decay of the RNA body (Behm-Ansmant et al, 2006) , it is possible that deadenylation is one way on which different modes of miRNA-mediated mRNA silencing, including miRNAmediated translational repression and miRNA-mediated RNA decay, can converge. Because the mechanisms of only a few miRNAs have so far been characterized in detail, the generality of any mode of miRNA-mediated mRNA silencing remains to be seen.
The role of deadenylation in miRNAmediated translational repression
Cytoplasmic PABP proteins interact with both poly(A) tails and the eIF4F complex bound to the 5 0 cap, thereby bringing Figure 2 Mechanisms of miRNA-mediated mRNA silencing. After incorporation into the RISC to form miRNPs, miRNAs guide the miRNPs to their target mRNAs by forming imperfect hybrids with 3 0 UTR sequences of target mRNAs. The interaction between a miRNP and its target mRNA can promote direct inhibition of translation initiation. Alternatively, the miRNP may accelerate deadenylation of the target mRNA, which in turn represses translation initiation or results in mRNA degradation. In P-bodies, miRNA-targeted mRNAs may be sequestered from the translational machinery and degraded or stored for subsequent use.
the two ends of the mRNA together (Kahvejian et al, 2001; Mangus et al, 2003) . Because this interaction is important for both translation initiation and mRNA stability (Jacobson, 1996) , it is not surprising that poly(A) tails are crucial for mRNA stability and in translation initiation. As one major stage at which miRNAs repress translation is the initiation step, it is possible that promoting deadenylation by a miRNP formed on the target mRNA to disrupt 5 0 -3 0 end interaction may represent an effective and immediate way of reducing translation initiation.
Several observations suggest that deadenylation is a cause, but not a consequence, of miRNA-mediated translational repression, particularly at initiation step. Blocking translation initiation by a stem-loop in the 5 0 UTR of the target mRNA does not abolish its rapid deadenylation and decay induced by miRNA (Wu et al, 2006) . Mishima et al (2006) showed that miR-430 directs the deadenylation and translational repression of nanos1 mRNA during zebrafish embryogenesis . When the miR-430 target mRNA was provided a non-natural ApppG cap, which significantly impairs normal translation initiation, the rapid deadenylation was unaffected. Using a cell-free system, Wakiyama and co-workers showed that deadenylation triggered by the miRNA let-7 does not require active translation, and can proceed in the presence of cycloheximide, a potent translation inhibitor. Moreover, let-7-mediated deadenylation is independent of the structure of the mRNA 5 0 -terminus, while the cap and the poly(A) tail are both required for the translational repression by let-7 (Wakiyama et al, 2007) . These observations suggest that let-7 miRNAs recruit miRNP complexes to let-7 target mRNAs, resulting in deadenylation, which in turn abolishes the cap-poly(A) synergy, thereby repressing translation initiation. This is reminiscent of the mechanism by which translation repression of maternal mRNAs is accomplished by shortening of the poly(A) tail during Xenopus laevis oocyte maturation (Richter, 1996; Gray and Wickens, 1998) .
Although several studies support the idea that accelerated deadenylation induced by miRNAs represents a major way to repress the translation of target mRNAs without affecting mRNA stability, it is unlikely to be the universal mechanism by which this is achieved. For example, in D. melanogaster cells, blocking mRNA deadenylation by knocking down Caf1 poly(A) nuclease complex does not relieve miRNA-mediated translational repression (Behm-Ansmant et al, 2006) . In this case, it appears that translational repression and deadenylation are two independent events in miRNA-mediated mRNA silencing. Furthermore, Wu et al (2006) showed that translation of mRNAs lacking a poly(A) tail remains repressed by miRNAs, indicating that deadenylation is not the cause of miRNA-mediated translational silencing in this case. Alternatively, it is possible that when deadenylation is impaired, an alternative fail-safe mechanism that can also effectively block translation initiation (e.g., decapping) is activated to bypass the requirement for deadenylation (Eulalio et al, 2007c) .
The role of P-bodies in mRNA quality control P-bodies are specific cytoplasmic foci that contain proteins known to function in mRNA metabolism (Kedersha and Anderson, 2007; Parker and Sheth, 2007; Eulalio et al, 2007a) . These foci are also referred to as GW bodies as they carry GW182 proteins that are required for miRNAmediated translational repression (Eystathioy et al, 2002; Jakymiw et al, 2005; Meister et al, 2005; Rehwinkel et al, 2005; Liu et al, 2005a; Behm-Ansmant et al, 2006) . The function of P-bodies is not yet fully understood, but it is clear that the mRNA in P-bodies can either be degraded or re-enter the translating pool of mRNAs. One important aspect of P-body's protein composition is the presence of enzymes, which promote mRNA decay, including the deadenylase CCR4 (Sheth and Parker, 2003; Andrei et al, 2005) and the DCP1-DCP2 decapping complex (Ingelfinger et al, 2002; Sheth and Parker, 2003) . As P-bodies contain the 5 0 -3 0 exonuclease XRN1 (Ingelfinger et al, 2002; Sheth and Parker, 2003) but lack the exosome complex (which contains 3 0 -5 0 exonucleases), it is likely that mRNAs are degraded via 5 0 to 3 0 decay pathway in P-bodies. P-bodies lack ribosomal components, most translation initiation factors, and PABP, which supports the notion that P-bodies are sites of translational repression. This feature of P-bodies also indicates that ribosomes, PABP, and translation initiation factors must dissociate from mRNPs before or immediately after they enter or aggregate to form P-bodies.
In addition to general decay factors, factors required for NMD (Upf1, Upf2, Upf3, Smg5, and Smg7), as well as PTCcontaining mRNAs, are found in P-bodies (Unterholzner and Izaurralde, 2004; Sheth and Parker, 2006) . The first NMD factor shown to localize to P-bodies was the human Smg7 protein (Unterholzner and Izaurralde, 2004) . As Smg7 is known to bind phosphorylated Upf1 (Kashima et al, 2006) , it is possible that after Upf1 detects a PTC-containing mRNA, the interaction between Smg7 and phosphorylated Upf1 targets the NMD substrate to P-bodies for subsequent mRNA degradation. In yeast, Upf1, Upf2, and Upf3 localize to P-bodies, and Upf1 localization is enhanced in upf2 and upf3 mutants (Sheth and Parker, 2006) . Collectively, these observations suggest that NMD can occur in P-bodies. P-bodies also contain protein factors involved in miRNAmediated translational repression, including the Argonaute proteins, Rck/p54, and GW182 (reviewed in Kedersha and Anderson, 2007; Parker and Sheth, 2007; Eulalio et al, 2007a) . Depleting Rck/p54 leads to a loss of P-bodies and a defect in miRNA-mediated translational repression (Chu and Rana, 2006) and miRNA-mediated mRNA decay (Eulalio et al, 2007c) , suggesting that P-bodies and miRNA-mediated events are inter-related. However, it is clear that P-bodies are not absolutely required for miRNA function, as depletion of Lsm1 or GW182 in human cells and D. melanogaster cells, which causes a loss of P-bodies and disperses Argonaute proteins throughout the cell, does not affect miRNA function (Chu and Rana, 2006; Stoecklin et al, 2006; Eulalio et al, 2007b) . Moreover, it has been reported that miRNAs are associated with polysomes, which seems inconsistent with the notion that P-bodies are required to keep miRNA-mRNPs translationally silenced (Nelson et al, 2004; Maroney et al, 2006; Nottrott et al, 2006) . Thus, although there clearly is a close link between P-bodies and miRNA-mediated translation repression, the precise nature of this link remains to be determined.
We suggest that rather than being required for mRNA decay and translational repression, P-bodies increase the efficiency of these events. One possibility is that concentrating repressed mRNPs in P-bodies facilitates additional mRNP-remodeling steps, which reinforce this repression for long-term storage in a repressed form. In other cases, these remodeling events may trigger more efficient mRNA degradation. Sequestration in P-bodies may also provide a rapid means to prevent accidental translation of aberrant mRNAs, such as PTC-containing transcripts, prior to degradation. Moreover, as mRNAs may leave P-bodies and re-enter the translating pool (Brengues et al, 2005; Bhattacharyya et al, 2006) , P-bodies could function as temporary storage sites for repressed mRNAs. Thus, P-bodies have the potential to regulate gene expression under various conditions and also provide an additional quality-control point where mRNA that has been mistakenly repressed can be reactivated. In so doing, P-bodies provide an additional layer for fine-tuning gene expression to maintain cellular homeostasis.
Common and distinct features of NMD and miRNA-mediated silencing NMD and miRNA-mediated silencing have common features, but they clearly differ in many respects. Both occur in the cytoplasm and result in mRNA degradation, but miRNAs have the additional ability to inhibit translation, which provides for the possibility of reversible repression. Mammalian NMD is facilitated by nuclear processing events that deposit the EJC signal , whereas it is not clear whether miRNA-mediated silencing requires nuclear events other than the Drosha-mediated cleavage that generates miRNA precursors (Lee et al, 2006) . Both NMD and miRNA-mediated silencing appear to require sequential mRNP-remodeling steps, raising the possibility that they may use common remodeling events, but this will not be known until these steps are better defined. A clear difference between the two is that NMD absolutely requires translation to define the PTC, whereas miRNA-mediated mRNA decay can occur in the absence of translation. Both NMD and miRNA-mediated silencing appear to be able to take place in P-bodies (Liu et al, 2005b; Sheth and Parker, 2006) , but the proportion of these two events that occurs in P-bodies versus other cytoplasmic sites may be quite different, as inhibition of P-body formation down-regulates NMD but has no obvious impact on miRNA-mediated silencing (Chu and Rana, 2006; Eulalio et al, 2007b) . Finally, both NMD and miRNA-mediated mRNA silencing can use deadenylation as a crucial step toward mediating their effects, but both can also use deadenylation-independent pathways, possibly as a fail-safe mechanism, to achieve their goals (Yamashita et al, 2005; Behm-Ansmant et al, 2006; Wu et al, 2006) .
Future directions
There are many issues in the field that require addressing and clarifying as to how miRNAs determine whether to exert their action through translational repression or mRNA decay as well as how mRNPs are remodeled and what changes in mRNP components occur during NMD and miRNA-mediated mRNA silencing. One key issue is to develop methods to independently examine the many steps required for NMD and miRNA-mediated silencing. It now is apparent that there are multiple separable steps in NMD, including the recognition of the PTC, remodeling of the mRNP, targeting to P-bodies, and mRNA decay. Therefore, simply monitoring steady state level of total mRNA, including both nuclear and cytoplasmic mRNA, is insufficient to address these challenging issues. More attention should be paid to monitoring decay kinetics and studying precursor-production relationship by methods such as the transcriptional pulsing (Yamashita et al, 2005; Chen et al, 2007) . While Hrp1p, eRF3, PABP, and EJC factors probably serve to distinguish normal stop codons from PTCs, they could also act on downstream events, including the mRNA degradation event itself. For example, analysis of translation termination in yeast in vitro translation extracts indicates that Upf1p and Upf2p are required in the PTC recognition step (Amrani et al, 2004) . Also, it has been shown that Upf1 preferentially associates with NMD substrates in vivo in worms and S. pombe (Rodriguez-Gabriel et al, 2006; Johns et al, 2007) . A major challenge for the future will be to clarify the roles of each NMD factor in the various steps of NMD.
A key unanswered question regarding miRNAs is what determines whether they will trigger mRNA decay or translational repression. It is possible that the primary effect of the miRNA machinery is to remodel the mRNP to either avoid forming or disrupt a closed loop structure between 5 0 -cap and 3 0 poly(A) tail that is critical for translation initiation. The subsequent downstream effects of mRNP remodeling may vary depending on physiological conditions, developmental cues, and other factors. In some cases, miRNA-targeted mRNAs may be subjected for rapid degradation, whereas in other cases, they may be simply repressed for translation and stored in P-bodies until needed later; for example, during cellular stress response. Since P-bodies are not absolutely necessary for miRNA-mediated mRNA silencing and normal mRNA decay, a close examination of P-body status during embryogenesis, cell growth and differentiation, and various diseased states may shed new light on the physiological function and significance of P-bodies in regulating gene expression.
The importance of mRNP remodeling may be revealed further by studying when and how PABPs dissociate from an mRNP. This is a particularly critical issue that has not been addressed since PABPs are not present in P-bodies. PABP exhibits a very high binding affinity for its RNA substrate (in the nanomolar range) (Görlach et al, 1994; Kuhn and Pieler, 1996; Deardorff and Sachs, 1997) and thus removal of PABP is particularly challenging if mRNP remodeling exerts its effect on translational repression per se without deadenylation. This raises a question as to what drives PABPs off the P-body entrapped mRNPs so that they can enter existing or form new P-bodies, a key step determining their fate. Future research addressing the key changes in mRNP composition at each critical remodeling step of an mRNA, as it goes on its journey from the nucleus to the cytoplasm, will be crucial for understanding how mRNA decay, translation, and RNA quality-control mechanisms are regulated through an interplay of different mechanisms.
